Non-motile enteroinvasive Escherichia coli (EIEC) is serotyped based only on O antigen polymorphism, since H antigen epitopes, present on the flagellins, cannot be characterised in these bacteria. In this study, we demonstrate the presence of the flagellin-coding fliC gene in non-motile EIEC strains. Moreover, we were able to group the 11 most common non-motile EIEC serotypes into six different RFLP patterns of the fliC gene. Amplicons representing each RFLP pattern were sequenced. Sequencing data were used to construct a phylogenetic tree which showed two main clusters: one sharing similarity with Shigella dysenteriae and pathogenic E. coli, and the other being closer to non-pathogenic E. coli.
Introduction
Escherichia coli plays an important role in the maintenance of intestinal physiology. However, there are pathogenic clones that cause distinct syndromes of diarrheal disease. Diarrheagenic E. coli are classified into six categories: enterophatogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enterohemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC). These categories are based on differences in virulence properties, adherence patterns and interactions with the intestinal mucosa, O:H serotypes and involvement in distinct clinical syndromes [1] .
Almost 40 years ago, it was found that E. coli strains isolated from patients with dysentery were also able to cause experimental keratoconjunctivitis in guinea pigs and a Shigella-like illness in children and adults [2] [3] [4] . These E. coli strains are known as enteroinvasive E. coli (EIEC) and this name was universally accepted, corresponding to the bioserotypes found in E. coli serogroups [5] . The following O serotypes were described: O28ac:NM; O29:NM; O112ac:NM; O124:NM; O124:-H30; O136:NM; O143:NM; O144:NM; O152:NM; O159:NM; O164:NM; O167:NM [1] .
Most of these EIEC serotypes share antigenic specificity with Shigella serovars [5] . EIEC strains are physiologically similar to Shigella, being lysine decarboxylase negative, frequently lactose negative, and consistently non-motile [5, 6] . However, electron microscopy (EM) studies of nine non-motile EIEC serotypes showed surface appendages resembling flagella. The EIEC flagellin shares immunological and genetic similarities with flagellins of several other enteric bacteria [7] .
The flagellum is the organelle responsible for motility in the majority of bacterial species. The main building unit of the filament is a protein called flagellin encoded by the fliC gene. Flagellin has a distinctive domain structure, comprising conserved N-and C-terminal regions, and a central domain that may vary considerably in both size and amino acid sequence [8] . Genetic studies suggest that N-and C-terminal regions of flagellin are essential for filament formation.
Bacterial flagellin genes and proteins exhibit considerable intra-species variation and can be used for the identification of species or strains. Indeed, this feature has been routinely used for serotyping analysis targeting flagellar antigens [8] . However, the standard typing method for H antigens is performed only in a limited number of reference laboratories, because it is a labourintensive and time-consuming procedure.
Escherichia coli is a clonal species and the characterisation of the cell surface lipopolysaccharide O antigen and the flagellar H antigen of the E. coli strains allow for the grouping of pathogenic clones within this species. We have demonstrated that the non-motile serotypes of EIEC are able to produce flagella [7] , however, characterisation of the H antigen by the reference method was found to be impossible.
Molecular biology techniques offer the potential for rapid and reproducible analysis of bacterial diversity. The structure of flagellin genes, with their terminal conserved regions, make them ideal candidates for PCR amplification, which can be combined with restriction fragment length polymorphism (RFLP) analysis to target variation in the central region [8] . A PCR-RFLP technique was developed to identify and characterise the fliC gene in pathogenic E. coli [9, 10] . This method has been shown to be an important tool for the detection bacteria, determining genetic relationship and epidemiological studies [9] [10] [11] [12] [13] [14] [15] .
In this study, PCR-RFLP was used for the molecular characterisation of the fliC gene in EIEC strains isolated from patients with diarrhoea in different countries. The fliC nucleotide sequences of different PCR-RFLP patterns were used for constructing a dendrogram in order to analyse the genetic diversity amongst EIEC serotypes.
Material and methods

Bacterial strains
A total of 98 EIEC strains from 11 different serotypes isolated from patients with acute diarrhoea were used in this study. The strains were isolated between 1965 to 1988, the country of isolation and the number of strains are given in parenthesis: Brazil (81), Japan (5), Hungary (2), Mexico (2), France (1), Chile (3) and United States (4). These strains were previously identified by biochemical and serological methods [16] . Serotyping was carried out by the standard procedure, [5] with antisera to E. coli somatic antigens O1 to O173. The EIEC strains did not produce detectable flagellar antigens by the standard method [5, 17] , except for O124:H30 strains.
DNA preparation
EIEC strains were grown on Luria-Bertani (LB) agar overnight at 37°C. A single colony of each strain was transferred to LB broth and grown overnight in a 37°C shaking incubator. Chromosomal DNA was purified with the Easy-DNA Kit (Invitrogen, Carlsbad, CA, USA). The purified DNA was suspended in 300 lL of water and stored at )20°C.
Amplification of the fliC gene
Two primers: KF1 (5 0 -GCACAAGTCATTAA-TACCAACAGCCTC-3 0 ) and KR2 (5 0 -CCCTGCAG-CAGAGACAGAACCTGCTGC-3 0 ) were constructed based on the DNA sequence of the fliC gene of E. coli K12 [18] . Reactions were performed in a volume of 100 lL containing 50 ng of template DNA, 200 lM of dNTP, 0.4 nM of each primer, buffer 1Â, 1.5 mM of MgCl 2 , and 2.5 U of Taq DNA polymerase. Amplification reactions were carried out on a DNA thermal cycler programmed for 35 cycles as follows: 94°C for 1 min, 60°C for 1 min, and 72°C for 5 min. All PCR products were purchased from Invitrogen (Carlsbad, CA, USA).
PCR-RFLP
DNA (0.3 lg) from each PCR product was digested with restriction endonuclease RsaI. These digests were then subjected to electrophoresis on 2-3% (w/v) agarose gels. A 100 bp DNA ladder (Invitrogen, Carlsbad, CA, USA) was used as standard molecular weight marker. The other restriction enzymes tested were used according to the instructions of the manufacturer (DraI; NedI, MunI, and BamHI). The gels were stained with ethidium bromide and the restriction patterns were visualized and photographed using Photo-Capt Mw system (Vilber Loumart Marne-la-Vall e Cedex, France). Two fragments were considered identical when their sizes did not differ by more than 5%. Fragments smaller than 100 bp were not taken into consideration in the analysis.
Nucleotide sequencing of fliC gene
The fliC gene fragments belonging to six different RFLP patterns (Table 1) were selected for sequencing. The amplification products were purified using the Concert Rapid PCR Purification System (Invitrogen, Carlsbad, CA, USA). The fragment corresponding to serotype O28:NM (1724 bp fragment size) was cloned using the PGEM-T Easy Vector System (Promega, Madison, WI, USA). Other five fragments were cloned by chemical transformation using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA). The plasmid DNA was obtained using the Concert Rapid Plasmid Miniprep System (Invitrogen, Carlsbad, CA, USA). The primers used for sequencing were SP6 (5 0 -TATTTAGGTGAC-ACTATAG-3 0 ); T7 (5 0 -TAATACGACTCACTATA-GGG-3 0 ); M13F-40 (5 0 -GTTTTCCCAGTCACGA) and M13R (5 0 -CAGGAAACAGCTATGAC-3 0 ). Sequencing was accomplished in an ALFexpress sequencer (Amersham Biosciences, Sweden). Sequencing data were assembled and analysed using the GeneDoc software [19] .
Multiple-sequence alignment of the nucleotide sequences was performed with Clustal x [20] . The phylogram was inferred by the method of maximum parsimony using PHYLIP [21] and tested by bootstrapping confidence based on 1000 replicates.
Results
PCR amplification of the EIEC fliC gene
DNA amplification yielded fragments ranging in size from 1029 to 2519 bp. All EIEC strains produced a single band. Most strains belonging to EIEC serotypes O28:NM, O112ac:NM, O124:NM, O124:H30, O136: NM, O143:NM, O152:NM, O164:NM and O167:NM produced PCR fragments of $1.7 kb. The exceptions were 3 EIEC strains belonging to serotype O28ac:NM, and 5 EIEC strains belonging to serotype O164:NM, which produced PCR fragments of a very different size (approximately 2.5 kb). All strains belonging to EIEC serotypes O144:NM and O29:NM produced PCR fragments of approximately 1.3 and 1.0 kb, respectively (Table 1) .
fliC RFLP analysis of EIEC flagellar antigens
The size of the RsaI-digested PCR-RFLP fragments varied from 100 to 1100 bp. Six different profiles (Fig. 1) were observed among 98 EIEC strains (Table 1) , named P1 through P6. No differences were observed among strains from the same serotype isolated in different countries. Fig. 1 shows the distinct profiles obtained for each EIEC serotype. Only two EIEC serotypes presented a unique RFLP profile: P3 and P5. All strains belonging to the O29:NM serotype presented a P3 profile and O144:NM strains presented a P5 profile. However, other profiles contained different EIEC serotypes: O124:NM, O152:NM, O124:H30 and two strains of O164:NM presented P4 profile; O112:NM, O143:NM and O167:NM showed a same P6 profile. Most strains belonging to EIEC serotype O28:NM and all O136:NM strains were grouped into a P1 profile. Some O28:NM and O164:NM strains, that produced PCR fragments of 2.5 kb, presented a P2 profile. Those isolates that shared the same RFLP patterns with RsaI were also grouped into the same profiles when other enzymes were used. Moreover, these enzymes were less discriminatory than RsaI (data not shown).
Nucleotide sequence analysis
The multiple-sequence alignment of 10 nucleotide sequences, including six EIEC fliC genes sequenced here, and four published fliC sequences from pathogenic bacteria, EHEC O157:H7, Shigella dysenteriae, Salmonella enterica Typhimurium and non-pathogenic E. coli K12 showed that these sequences have two conserved regions in the N-terminal and C-terminal portions, whereas the central region is quite variable. The inferred amino acid sequence of flagellin showed that the six EIEC sequences have insertions and deletions in the variable regions of the sequence of the fliC gene, which led to the appearance of a premature stop codon in the sequence. The 2.5 kb fragment presented an insertion of 766 bp (in position 724) that had 99% of identity with the insertion element IS1SB, a repressor (insA), and transposase (insB) found in Shigella flexineri and S. boydii (data not shown).
Gene phylogeny for EIEC fliC
The phylogenetic tree rooted by the nucleotide sequence of phase 1 flagellin of S. enterica Typhimurium revealed two major phylogenetic groups of EIEC fliC alleles: cluster A and cluster B (Fig. 2) . Cluster A is composed of EIEC strains comprising alleles of EIEC fliC belong to profiles P1, P2, P4, P6, and the fliC genes of E. coli O157:H7 and S. dysenteriae. Cluster B includes fliC of EIEC strains belonging to serotypes O29:NM, O144:NM and the allele of E. coli K12. The distribution of the profiles in the tree revealed an interesting phylogenetic relationship. The fliC sequence of EIEC strains belonging to O28:NM, O112:NM, O124:NM, O124: H30, O136:NM O143:NM, O152:NM, O164:NM, and O167:NM serotypes showed a closer relationship with the fliC genes of E. coli O157:H7 and S. dysenteriae rather than with the fliC of O29:NM, O144:NM, and E. coli K12. Profiles P1 and P2 were very similar, and P2 encompassed the strains in which fliC had an insertion element.
Discussion
A specific combination of somatic (O) and flagellar (H) antigens defines the serotype of Enterobacteriaceae members [5] . E. coli of a specific serotype can be associated reproducibly with certain clinical syndromes, even though the serological antigens do not confer but just correlate with virulence, as in EPEC and EHEC [1] . Using the fliC PCR-RFLP method several authors showed that non-motile E. coli strains possess a fliC RFLP profile which resembles those coding for known H E. coli antigens [9, 10, 13] .
In this study, PCR-RFLP analysis of the fliC gene showed that eleven different EIEC serotypes have six molecular profiles of flic. In addition, the presence of the same pattern among strains of the same serotype suggests the existence of a common clone. It was found that EIEC strains belonging to the same serotype have the same RFLP profile, excepting those where the fliC gene gained insertion elements (strains belonging to the nonmotile serotypes O28 and O164). These findings are in agreement with the theory that serotypes and serogroups constitute readily identifiable markers of specific virulent clones [1] .
The sequencing of fliC genes of EIEC strains with different PCR-RFLP profiles showed that the N-terminal and C-terminal regions of this gene are highly conserved, whereas the central region is greatly variable. This variability in the central region of the flagellin gene has been found in other bacterial species [8] and also in different pathogenic E. coli serotypes [14] . Kuwajima [22] inserted various deletions into the central region of the E. coli K-12 fliC gene without destroying its ability to form a flagellar filament. However, in this study we found several point mutations, insertions and deletions among fliC genes, that may cause a premature halt of translation and/or defective flagellum assembly. On the other hand, a previous study in our laboratory demonstrated that the protein codified by fliC genes of a different sizes all had 77 kDa [7] , demonstrating that there is no correlation between the size of the fliC gene and the size of the protein coded by it. The reason for this is currently being investigated. Further studies involving sequencing of the mRNA of these different fliC genes will be carried out, in order to explain how the flagellum is assembled in these bacteria.
The phylogram showed two major clusters suggesting two different origins for the flagellin gene among these strains. The strains in cluster A have a fliC sequence closely related to the ones of S. dysenteriae and EHEC O157:H7, whereas the strains belonging to cluster B are related to the non-pathogenic E. coli K12. Moreover, the EIEC grouping does not correspond to the clonal groups of EIEC found in previous MLEE studies [16] . These data suggest that lateral transfer and recombination events gave rise to different flagellins within EIEC strains. There is considerable evidence supporting that lateral gene transfer and recombination of foreign DNA are major sources of variation, creating new fliC alleles and generating antigenic diversity [23] .
In conclusion, by using the fliC RFLP-PCR technique, we demonstrated that the major EIEC serotypes showed a low fliC diversity, mainly in the central region. Further studies are required in order to confirm the usefulness of the fliC RFLP technique as an epidemiological marker for EIEC.
